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Abstract
Using a generalized self-consistent ﬁeld theory we have investigated the electronic resonant Raman scattering
process in modulation-doped GaAs-AlGaAs single quantum wells. Charge- and spin-density excitations spectra were
calculated varying the width of the well as well as the density of the electron gas. In the low density regime, we
observed the collapse of Hartree term of charge-density excitations as found experimentally by Ernst et al. [1].
Concerning the resonance with the incomming laser light, we predict the existence of high energy excitations which
are connected with excited states of the quantum wells.
c©2011 Published by Elsevier B. V.
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Important insights into electron-electron interaction have been obtained by means of optical studies of the ele-
mentary excitations of conﬁned electron liquids. Particularly, inelastic light scattering (Raman scattering) provides
information of the collective excitations of the electrons which may be composed by direct Coulomb interaction and
exchange-correlation eﬀects or only by exchange-correlation eﬀects (e.g., [2–14]). The former is known as charge-
density excitation (CDE) mechanism. In general terms, it represents the in phase collective oscillations (plasmons) of
the spin up and the spin down electron gas (plus sign in eq. (2)) in response to a external potential (electric ﬁeld of
the laser light). The latter is known as spin-density excitation (SDE) mechanism. It corresponds to an out of phase
collective charge oscillations between spin up and spin down, or, in other words, the cancelation of the two spins
density ﬂuctuations (minus sign eq. (2)). As a result, the Coulomb interaction is cancelled in SDE remaining only
vertex corrections (exchange-correlation) to be considered.
These two mechanisms maybe be distinguished via light polarization based selection rules. The CDE is active in
polarized geometry (polarization of incident and scattered laser light are parallel). The SDE is active in depolarized
geometry (polarization of incident and scattered laser light are perpendicular). As a rule of thumb, the electronic
systems present anomalous excitations when the incident laser energy is resonant with the interband optical transitions,
i.e., transitions involving valence- and conduction-band states through an optical gap. Such excitations are composed
apparently by intersubband transitions, by this means, they are known as single-particle excitations (SPE). They were
ﬁrst observed by Pinckzuk et al. [15] in 3D (three dimensional) n-doped GaAs with incident photon energies near the
split-oﬀ edge of GaAs and subsequently in structured doped semiconductors ranging over from 2D to 1D, including
inter- or intra-subband process . Experimentally [10] and also theoretically [7] it is accepted that the extreme resonance
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condition is a necessary condition for the appearance of SPE. Anjos et al. [8] have shown that SPE are in fact not
renormalized collective excitations .
The interacting 2D electron system is usually described within a self-consistent ﬁeld theory [16], where the many-
body interactions are included through the local-density approximation [17]. We have performed this in order to
obtain the electronic structure of the quantum wells. To calculate the electronic Raman spectra of the single quantum-
wells, this work has used a generalized self-consistent theory developed previously [8, 9]. The width of the well
was varied as well as the density of the electron gas. In the low density regime, the collapse of the Hartree term
was observed matching with the one found experimentally by Ernst et al. [1]. Also resonant Raman spectra were
calculated for various incident laser energies. Based on this, the existence of high energies excitations of the electron
gas are predicted.
The systems considered consist of 25 and 20 nm wide one-sided modulation-doped GaAs-Al0.33Ga0.67As quantum
wells. The doped barrier region is separated by a 20 nm AlGaAs spacer layer from the quantum well. We perform self-
consistent calculations at 0 K resulting in one occupied subband (E0, zero level) for an electron range density between
(0.1−7)×1011 cm−2. This work considers four excited levels (not occupied): levels 1, 2, 3, 4. The transitions between
occupied to uncoppied levels will be labeled by subscripts 01, 02, 03, 04 respectively.
The Raman cross sections are proportional to the imaginary part of the response function,
Gi(ω) ∝ −
π
Im〈Ψ(t)|M†(0)i|Ψ(t)〉ω, (1)
where 〈M†(0)i〉ω is the Fourier amplitude at −ω of the expectation value in the many body state |Ψ(t)〉 for a time-
dependent perturbation of the form M(0)e−iωt [8]. The eﬀective scattering operator is given by
M(0)i =
∑
αβ
γiβα(c
†
β↑cα↑ ± c†β↓cα↓). (2)
The superscript and the signal +(−) identiﬁes the CDE (SDE). The c†β(cα) are creation (destruction) operators of
the ﬁnal (initial) one-electron conduction subband states with spin up (↑) or down (↓). They have wave functions
ψα(β)(z)eiq·ρ/
√
A and energies 	α(β) = ωα(β) + 2q2/2m where q represent 2D wave vectors and A is the sample area.
In eq. (2)
γiβα =
[P2cv]
i
3m0
∑
h
〈β|eikL·r|h〉〈h|e−ikS ·r|α〉
Eg + 	β + 	h − ωL + iη , (3)
corresponds to a resonant factor involving interband excitations between the split-oﬀ hole (h) and conduction band
states. In eq.(3), [P2cv]
i are the appropriate interband matrix elements, m0 is the bare electron mass, Eg is the E0 + 	0
band gap of GaAs, η is the gap damping, ωL is the energy of the incident light and |kL| = |kS | = k are the moduli of
the incident (scattered) light wave vector [k = (k‖, kz)]. In this work, we deal only with intersubband processes with
k‖ → 0.
From eq. (1) one can see that we have to calculate expectation values of the Fourier transform of the induced
density ﬂuctuations. This is done by means of the one-body density matrix in the linear regime which gives
〈c†
α↑cβ↑ ± c†α↓cβ↓〉ω =
4ωβαnα[1 − nβ]
2(ω2 − ω2βα + iζβαω)
δVtotβα , (4)
where
δVtotβα = γ
i
βα +
∑
γδ
4ωδγnγ[1 − nδ]Cβα,δγ
2(ω2 − ω2δγ + iζδγω)
δVtotδγ (5)
is the total potential acting on the system composed by the external potential plus the induced potential. In eq. (5),
nγ(nδ) denotes the Fermi occupation number of occupied (unoccupied) conduction subband states, ω = (ωL − ωS ),
the energy transferred to the electron system by the light , ωδγ is the bare electronic transition, ζδγ is the damping of
the transition and
Cβα,δγ =
2πe2
εl(ω)k‖A
∫
dz
∫
dz′ϕβα(z)[e−k‖|z−z| − Uixc(z)δ(z − z′)]ϕδγ(z′), (6)
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represents the Coulomb and exchange-correlation interactions between pairs of excitations for the case of CDE where
εl(ω) = ε∞(ω2 − ω2LO)/(ω2 − ω2TO) is the dielectric function and ϕβα = ψβ(z)ψα(z). For the case of SDE, only the
second term on the right hand side of eq. (6) should be considered. Now, associating to each pair of transitions the
generalized coordinate
xiβα =
√
4ωβαnα[1 − nβ]δVtotβα
2(ω2 − ω2δγ + iζδγω)
, (7)
eq. (5) can be rewritten as a matrix whose elements are given by

2(ω2 + iζβαω)xiβα =
∑
γδ
Uβα,δγxiβα + Nβαγ
i
βα (8)
where
Uβα,δγ = NβαCβα,δγNδγ + (ωβα)2δβα,δγ (9)
and Nβα =
√
4ωβαnα[1 − nβ]. From eq. (6) and (9) one can see that the matrix U is real and symmetric. Therefore,
its eigenvectors constitute a base which can be used to solve the equation of x via LU decomposition and consequently
ﬁnd the cross sections.
Figure 1 shows the energies of single-particle transitions as a function of 2D electron density in a dw = 20 and
25 nm wide quantum well. As expected, when the well becomes narrower the quantum well levels are higher and
therefore the possible transitions also. Note that for dw = 20 nm the transitions are less inﬂuenced by the density.
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Figure 1: (color on-line) Intersubband transitions of GaAs-AlGaAs modulation-doped quantum wells as a function of the electronic density for two
well widths dw = 20 e 25 nm.
Figure 2 presents the energies of the collective modes (CDE or SDE) and the single-particle excitations (SPE) as
a function of 2D electron density. Two types of collective excitations are shown: (a) one involving charge density
ﬂuctuations from the ground state to the ﬁrst excited state level, we label them as CDE01, S DE01, and S PE01; (b)
charge density ﬂuctuations involving the ground state and the second excited state level, we label them as CDE02,
S DE02, and S PE02.
In general terms, as the density increases, we have an increase of all set of excitations. On the other hand,
for low densities the Hartree contribution (Coulomb interaction) is small because the charge density ﬂuctuations
are small due to the reduced number of electrons involved in the process. As a result, a cross between CDE01
and S PE01 should occur at a critical density. This is called the collapse of the Hartree term. The critical density
obtained by us was Nc = 0.47 × 1011cm−2, which is in an excellent agreement with the experimental result of Ernst
et al. [1], Nc = 0.4 × 1011cm−2, in a well with the same nominal parameters. For the set 02 the crossing occurs at
Nc = 2.5 × 1011cm−2, which is larger than the previous density. The reason is that the subband wavefunction overlap
is small for the set 02. This implies in smaller charge density ﬂuctuations which in turn implies in a smaller Coulomb
interaction. There is still an additional crossing between CDE02 and S DE02 which occur at Nc = 0.15 × 1011cm−2.
This is an eﬀect of the adopted exchange-correlation parametrization for CDE and SDE. This subject will be carried
out elsewhere [20].
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Figure 2: (color on-line) Calculated energies of charge-density (triangles), spin-density (circles), and single-particle excitations (squares) as a
function of 2D electron density involving transitions from ground state to ﬁrst excited state (full symbols) and second excited state (open symbols)
in a 25 nm wide quantum well. In low density regime, we observe the collapse of Hartree term of CDE for both transitions .
Figure 3 shows polarized (CDE) resonant Raman spectra solved self-consistently by means of eq. (1). The ﬁrst
thing that one can depict from the ﬁgure is the strong laser light dependent resonant behavior of the excitations. Those
excitations comprising 25 and 30 meV (Fig. 3(a)) are related to single-particle excitation from the ground state to the
ﬁrst excited level (S PE01). Between 30 and 35 meV it is shown a charge density excitations from the ground state
to the ﬁrst excited level (CDE01). Is worth to note that this excitation in reality is an electron-phonon coupled mode.
In fact, the minus branch of such coupling. There are still a plus plasmon-phonon coupled mode (not shown) in the
region of the LO phonon, around 40 meV . These modes were analyzed in details in [9].
In Fig. 3(b), due to the weak coupling regime between the GaAs LO phonon and the electron density ﬂuctuations,
one can not distinguish the CDE and SPE modes. In this way, the excitations are labeled as collective ones, CDE02,
CDE03, and CDE04. Moreover, in reality they correspond a quasi electron coupled mode. Therefore the quasi phonon
coupled mode possesses almost the same energy of the GaAs LO phonon. We would like to stress that until now
CDE03 and CDE04 were never observed.
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Figure 3: Theoretical polarized resonant Raman spectra of intersubband excitations of the quantum well as a function of incident laser energy for
Ns = 5 × 1011cm−2. According to the increase of the laser energy, we have strong resonance behavior for the collective and the single-particle
excitations 01(Fig. 3a), and for the collective excitations 02, 03, 04 (Fig. 3b). In the latter, the single-particle modes are indistinguishable from the
collective ones.
There are two ways to understand physically why the solution of the set of equations presented here will give
rise to SPE and CDE. One is to consider eq. (8) which is formally a equation of motion of a set of coupled, forced
and damped harmonic oscillators. Each pair of excitation plays the role of an oscillator (xiβα) with eigenfrequency
ωβα. The ﬁrst term in the brackets of left side of eq. (8) is analogous to the second derivative of the x generalized
coordinate, while the second term is connected with the damping of the oscillations. The coupling of the oscillators is
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given by the matrix U (see eq. 9). The idea of forced oscillator is related with the laser pumping. This is present in the
last term of eq. (8). The factor γiβα represents (see eq. (3)) the light-matter interaction in second order of perturbation
theory. Such interpretations were ﬁrst explored in ref. [8]. The solution of such coupled system will give rise to the
collective and single-particle excitations. Further interpretation will be furnished elsewhere [20].
In summary, we presented a generalized self-consistent ﬁeld theory in order to investigate the elementary ex-
citations of polarized intersubband Raman spectra of modulation doped quantum wells. Charge- and spin-density
excitations spectra were calculated varying the width of the well as well as the density of the electron gas. In the low
density regime, we observed the collapse of Hartree term of charge-density excitations in excellent agreement with
previous experimental work [1]. For high incident laser energies we predict the existence of high energy excitations
which are connected with excited states of the quantum wells. The physics which rules this electronic system is for-
mally the same as the motion of a set of coupled, forced and damped harmonic oscillators where the oscillators are
mimicked by an electronic transition from an occupied to an unoccupied level.
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